Figures
Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:°F = (1.8 × °C) + 32.
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Altitude, as used in this report, refers to distance above the vertical datum.
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25°C).
Introduction
Red, White, and Fry Canyons in San Juan County, Utah, in the Colorado Plateau physiographic province encompass approximately 400 mi 2 of primarily Bureau of Land Management (BLM) property ( fig. 1) . Red, White, and Fry Canyons generally are linear with a drainage direction toward the northwest and altitudes ranging from 3,700 to 7,500 ft. Exposed rocks range in age from the Permian (Cutler Formation) through the Jurassic (Navajo Sandstone). Most of the land is covered by ephemeral streams that only contribute runoff during rainfall and snowmelt events. Red Canyon and a smaller canyon, Blue Notch Canyon, drain into Good Hope Bay on Lake Powell. Fry Canyon drains into White Canyon, which enters Lake Powell north of Good Hope Bay.
Red, White, and Fry Canyons are characterized by mild winters and hot summers. Most of the precipitation falls as rain from convective thunderstorms that typically occur between August and October. This arid region receives approximately 6 to 8 in. of precipitation at the lower altitudes and approximately 8 to 10 in. of precipitation at the higher altitudes (Natural Resources Conservation Service, 1998) . Monticello S a n J u a n
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SAN JUAN COUNTY Introduction
Several areas in southern Utah experienced an increase in uranium mining and exploration in the 1950s. Most of the mines extracted uranium ore from the Triassic Chinle Formation, which is overlain by the Wingate Sandstone and is underlain by the Moenkopi Formation. At the time of publication, thousands of abandoned uranium mine waste dumps exist throughout the State of Utah, with many of the properties located on lands managed by the BLM. Approximately 65 uranium waste dump sites and adits have been inventoried by the BLM throughout Red, White, and Fry Canyons (Terry Snyder, Bureau of Land Management, written commun., 2007) ; however, several of those mines were not accessible during this study so only 45 abandoned uranium mines with waste dumps were sampled for this study (table 1) . These abandoned uranium mine waste dumps have unique characteristics that make it difficult to quantify nonpoint source pollution contributions to specific watersheds. These characteristics include (1) locations that are primarily in watersheds with ephemeral streams, (2) radioactive sands and fine particulates that are radioactive for hundreds of thousands of years, (3) intense rainfall and snowmelt events that can mobilize and transport mine waste with associated radioactive material and trace elements long distances during relatively short periods, and (4) remote locations that do not allow for cost effective water and suspended-sediment sampling during storm and snowmelt runoff events.
Sample collection from uranium waste dump sites during May, June, and July 2007 was completed by the U.S. Geological Survey (USGS) in cooperation with the BLM. The objectives of this sampling program were to (1) assess the nonpoint source chemical loading potential to ephemeral and perennial watersheds from uranium waste dumps and (2) assess potential impacts on human health due to recreational activities on and around uranium waste dumps on Bureau of Land Management property. Initial ranking of the chemical loading potential of each sample was done by comparing the leachate composition with existing U.S. Environmental Protection Agency (USEPA) water-quality standards for drinking water and aquatic life. Solid-phase acid extractable results were compared to soil screening levels using USEPA factors for carcinogenic effects to human health. 
USGS
Methodology
Solid-Phase Sample Collection
Fifty-eight samples from 45 uranium waste dump sites, 8 streambed-sediment sites, and 5 background sites were collected in May, June, and July 2007, using a modified version of the solid-phase sampling methods outlined by Smith and others (2000) and Hageman and Briggs (2000) . The general locations of uranium waste dump, background, and streambed-sediment sites that were sampled are shown in figure 1 , and more detailed maps of the sampled sites are shown in figures 2-9. Because of the steep embankments of the uranium waste dumps, sampling generally took place from the safest and most accessible location. A few of the BLM inventoried sites that were unsafe to access were not sampled. Background samples were collected in the same geologic layer adjacent to sampled uranium waste dump sites. Approximately one background sample was collected for every 10 uranium waste dump samples to collect a representative selection of background samples. Streambed sediment samples were collected from ephemeral stream channels downstream from sampled uranium waste dump sites.
Samples from uranium waste dump and geologic background sites consisted of 30 scoops of soil collected from as deep as 15 cm using a plastic trowel. Scoops of soil were combined into 5-gallon plastic buckets, sealed with lids, and labeled. Streambed-sediment samples were collected along ephemeral stream channels using a plastic trowel, and these samples consisted of 10 scoops from as deep as 15 cm. Each streambed scoop location was chosen at random from a 10-to 30-m transect across the channel downstream of a sampled uranium waste dump site. Scoops of sediment were compiled into 1-gallon plastic Ziploc® bags and labeled.
Uranium waste dump sites were labeled FC (Fry Canyon) and background sites were given the same number as the associated uranium waste dump and were labeled FC-BG (Fry Canyon-Background). Streambed-sediment samples were labeled FC-SED (Fry Canyon-Sediment). Fry Canyon sample IDs that were assigned to the abandoned uranium mines by the USGS have been paired with the site IDs assigned by the BLM and are shown in table 1.
All sampling equipment was thoroughly cleaned in the field between each sampling location. An all-plastic multi-purpose sprayer was used to wash plastic trowels, collection buckets, and lids. Each item was rinsed three times with de-ionized water, wiped with a clean towel, and allowed to air dry before use at the next site.
Field Leachate Extraction Procedure
In September 2007, after the collection of solid-phase samples, aqueous phase leachate samples were extracted in the laboratory using a field-leaching procedure. Solid-phase samples were thoroughly mixed using a plastic trowel, after which approximately 800 g of sediment were measured using a pan balance, transferred to a 1-L glass beaker, and allowed to air dry. The dried sample was then sieved through a 2-mm stainless-steel mesh screen.
Fifty grams of sieved sample were added to 1,000 g of deionized water to create a 1:20 solid-to-liquid ratio. The sieved sample and water were then mixed in a precleaned 1.5-L wide-mouth high-density polyethylene (HDPE) Nalgene ® bottle and agitated for 5 minutes on a shaker table operating at 170 oscillations per minute. After shaking, the samples were allowed to settle for 1 hour prior to filtration.
The leachate water was filtered through a 0.45-micron high-capacity Versapor ® membrane capsule filter (GeoTech dispos-a-filter ™ ) using precleaned tubing and a peristaltic pump. For each leachate sample, the filtered water samples were collected in one 125-mL HDPE bottle and one 125-mL acid-rinsed HDPE bottle. The samples collected in the 125-mL HDPE bottles were sent to the USGS National Water Quality Laboratory (NWQL) in Denver, Colorado, for SO 4 and alkalinity analysis. The samples collected in 125-mL acidrinsed HDPE bottles were preserved with 1-mL Ultrex-grade 7.7N nitric acid and sent to the Inductively Coupled PlasmaMass Spectrometry (ICP-MS) Metals Analysis Laboratory at the University of Utah for major-ion and trace-element analysis (Ag, Al, As, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Sb, Se, Tl, U, V, and Zn). The remaining unfiltered aliquot of water was then decanted and used to measure specific conductance and pH.
Bottles and tubing used for sample extraction were cleaned according to the USGS inorganic constituents cleaning procedures outlined in Wilde (2004) . One process blank and one replicate sample were processed after every 10 leachate samples. All process blank samples were labeled as FC BLANK and given an individual extraction time and date. Blanks and replicates were analyzed at the ICP-MS Metals Analysis Laboratory at the University of Utah and the USGS NWQL. Process blank samples followed the same extraction procedures as leachate samples in the laboratory, but process blank samples were agitated without any sediment in the 1.5-L Nalgene® bottles.
Results of chemical analysis for the five process blank samples are presented in table 2. Most of the trace-element concentrations for the process blank samples were less than the lower reporting limits; however, concentrations for Ag, Cd, Co, Cr, Cu, Fe, Mn, Mo, and Sb exceeded the lower reporting limits. All Ag concentrations were equal to or less than the lower reporting limit with the exception of one blank sample (0.008 µg/L). All Cd concentrations were equal to or less than the lower reporting limit with the exception of one blank sample (0.04 μg/L). Concentrations of Co ranged from 0.11 to 0.26 µg/L with a median concentration of 0.18 µg/L. All Cr concentrations were less than the lower reporting limit with the exception of one blank sample (0.06 µg/L). All Cu concentrations were less than the lower reporting limit with the exception of one blank sample (0.98 µg/L). All Fe concentrations were less than the lower reporting limit with the W h i t e C a n y o n 
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Solid-Phase Sample Digestion
Fifteen of the 45 uranium waste dump samples were analyzed by the U.S. Geological Survey Geologic Division Laboratory in Denver, Colorado, for total extractible concentration. Forty-two elements (Ag, Al, As, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, In, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, S, Sb, Sc, Sn, Sr, Te, Th, Ti, Tl, U, V, W, Y, and Zn) were analyzed by using inductively coupled plasma-atomic emission spectrometry (ICP-AES) following digestion of the solid sample with hydrochloric, nitric, perchloric, and hydrofluoric acids at low temperature (Crock and others, 1983) . Analytical procedures and performance are presented in Briggs (2002) . Selenium (Se) was analyzed by using hydride generation-atomic absorption spectrophotometry (HG-AAS) following digestion of the solid sample with nitric, hydrochloric, and sulfuric acids (Hageman and others, 2002) . Mercury (Hg) was analyzed by using cold vapor-atomic absorption spectrometry (CV-AAS) following digestion of the solid sample with nitric acid and sodium dichromate (Brown and others, 2002) .
Assessment of Nonpoint Source Chemical Loading Potential Leachate Results
Trace-element concentrations in the 58 leachate samples collected from 45 uranium waste dump sites, 8 streambed sites, and 5 geologic background sites are shown in appendix A, Trace-element concentrations in the leachate samples from the uranium waste dump sites were compared with aquatic life (U.S. Environmental Protection Agency, 2007a) and drinking- Sites where concentrations of trace elements exceeded either or both aquatic life and drinking-water-quality standards are shown using bar graphs in figures 11-19. Aquatic life and (or) drinking-water-quality standards are shown for As ( fig. 11) fig. 19 ). Several sample sites had one or more elements that exceeded both water-quality standards. Approximately 64 percent (29/45) of the uranium waste dump samples exceeded aquatic life and drinking-water-quality standards for one or more elements analyzed. The location of sample sites, site type, constituents that exceeded one or both water-quality standards, surrounding geology, and stream hydrology are shown in detail for map areas 1 through 4 (figs. 2-5).
Two or more elements exceeded drinking-water-quality standards at sites . Three elements exceeded drinking-water-quality standards at sites FC-709, FC-721, FC-797, FC-800, FC-814, and FC-820; four elements exceeded drinking-water-quality standards at sites FC-772 and FC-775; and five elements exceeded drinking-water-quality standards at sites FC-318, FC-819, and FC-836.
Two or more elements exceeded aquatic life water-quality standards at sites . Three elements exceeded aquatic life water-quality standards at sites , and four elements exceeded aquatic life water-quality standards at sites Nearly all sites with samples that exceeded drinking-waterquality standards were uranium waste dump sites. However, 
CONCENTRATION OF DISSOLVED BERYLLIUM, IN MICROGRAMS PER LITER
CONCENTRATION OF DISSOLVED ZINC, IN MICROGRAMS PER LITER StreamStats Analysis of Waste Dump Sites
Periodic rainfall events may fill ephemeral stream drainages with water and transport some of the waste dump material off site. Because of the episodic nature of streamflow in the Red, White, and Fry Canyons, no permanent gaging stations are currently recording flow. A set of multiple-linear regression equations have been developed for the State of Utah to estimate peak flows in ungaged drainages. All uranium waste dump sites in Red, White, and Fry Canyons are located within EPA Region 6, and regression equations for 2-, 100-, and 500-year recurrence interval peak flows are given below (Kenney and others, 2007) 
where, PK is the peak flow; number following PK represents recurrence interval, in years, DRNAREA is the drainage area, in square miles, and ELEV is the mean basin elevation, in feet.
The parameters and equations for drainage areas throughout Utah were made into an interactive website, StreamStats (Ries and others, 2004 [Site ID, site identification; DD.dddd, Degrees.decimal degrees; PK 2, 2-year peak flow; PK 100, 100-year peak flow; PK 500, 500-year peak flow; FC, Fry ), and FC-820 (3.1 mi 2 ). Six uranium waste dump sites with steep average basin slopes (more than 40 percent) were . Average basin slopes for these sites were 46, 44, 56, 57, 42, and 41 percent, respectively. The valid range for the regression equations (1-3) is a drainage area between 0.87 and 532 mi 2 and a mean basin elevation between 4,300 and 9,380 ft. Many drainage area values were less than the minimum value of 0.87 mi 2 , but all mean basin elevation values fell within the valid range (table 5) . Peak flows estimated from values outside of valid regression equation ranges are extrapolations with unknown errors. The errors given for values within the valid range for PK2, PK100, and PK500 are 110, 61, and 66 percent average standard error of prediction and 1.44, 13, and 15 equivalent years of record, respectively (Kenney and others, 2007) .
Human Health Hazard Assessment
Fifteen uranium waste dump samples were analyzed for total digestible metal concentration (table 6). Samples were analyzed for major (Ca, K, Mg, Na, P, S), trace (Ag, Al, As, Ba, Be, Bi, Cd, Co, Cr, Cs, Cu, Fe, Ga, Hg, In, Li, Mn, Mo, Nb, Ni, Pb, Rb, Sb, Sc, Se, Sn, Sr, Te, Th, Ti, Tl, U, V, W, Y, Zn) , and rare earth elements (Ce, La).
A relation between leachate and total digestible uranium concentration has been determined based on a regression equation with all known data ( fig. 20): U total (ppm) = 28.434 ln (U leachate (µg/L) ) + 59.093
Equation 4 was used to determine the total concentration for the uranium waste dump sites with only a leachate analysis (table 7) . Data from waste dump site FC-721 was not used to compute the regression equation because it was determined to be an outlier.
Three soil screening levels (SSL) for various exposure durations were determined for the combined carcinogenic effects of uranium and radium as radionuclides based on calculations made with RESRAD 6.5, a computer model designed to estimate radiation doses and risks from residual radioactive materials (Yu and others, 1993) . Soil screening levels were determined with respect to a probable concentration of radium and all other uranium decay series radionuclides set to secular equilibrium with radium-226. In the Colorado Plateau region uranium deposits, secular equilibrium between radium and uranium is typically not observed, and in many places, uranium deposits are depleted in radium with respect to uranium by daughter products leached from primary uranium minerals by forming secondary minerals from changing groundwater conditions and oxidation (Stern and Stieff, 1959) . Since the sites in this study were not sampled for radium, a concentration range for radium was considered. The equilibrium radium concentration, or high end concentration, assumes that radium is in secular equilibrium with uranium in any waste dump pile. The leached concentration, or low end concentration, assumes that radium activities are approximately 57 percent of uranium activities in any waste dump pile. The radium-uranium ratio of 0.57 is derived from a similar study conducted in Brown's Hole, Utah, where sites were sampled for radium and uranium (Tom Marston, U.S. Geological Survey, written commun. 2010).
Soil screening levels were evaluated for a maximum annual radiation dosage of 15 mrem per year (U.S. Environmental Protection Agency, 1997a). Several exposure pathways were considered in the model: direct external exposure to contaminated soils, internal exposure to inhaled dust, and internal exposure by ingestion of contaminated soils. RESRAD also considers exposures from ingested plants grown in contaminated soils, from ingested meat derived from livestock fed with contaminated feed or water, from drinking water directly, and from ingested fish from a contaminated body of water. These pathways were not included based on Concentrations of uranium were converted to activity of uranium-238, as this is the most abundant naturally occurring isotope: 99.27 percent of natural uranium is uranium-238. Natural uranium consists of uranium-234, -235, and -238 in ratios corresponding to natural isotopic abundances which are less than 0.01 percent, 0.72 percent, and 99.27 percent, respectively. The uranium decay series considered includes the decay chain of uranium-238 to thorium-230. Radium-226 and its associated short-lived decay chain were considered as a separate radionuclide series. Given the three exposure pathways considered, radium-226 and its associated decay chain poses the greatest risk to human health shown by the model's sensitivity to radium-226 concentrations.
Due to the particular use in the area, some of the assumptions about the parameters used by RESRAD have been altered to fit the site conditions. The primary use of the area appears to be recreational, off-road activity by riders of all-terrain vehicles (ATV). Two primary use scenarios were considered in determining the amount of annual exposure a visitor experiences. The first scenario considered the duration of activities of an individual that lives near the area and visits the site periodically during any given year. The total annual visitation by an individual to the site was 4.6 days per year based on calculations made for daily duration of outdoor activities by a young adult (U.S. Environmental Protection Agency, 1997b, table 15.3). The second scenario considered the duration of time spent on the site by an individual who is using the area as a recreation destination and spends 7 to 14 days on the site, the latter equal to the maximum annual recreational occupancy of a site by the BLM. In all scenarios, RESRAD was setup to inspect three exposure pathways appropriate to the usage scenarios that were identified: (a) external gamma exposure, (b) inhalation exposure, and (c) soil ingestion exposure.
Modifications to default data used by RESRAD to calculate an annual radiation dosage were made in the "Occupancy" and "Ingestion: Dietary" subsections of modifiable data; in all other subsections, default data was used (Yu and others, 1993) . In the "Occupancy" subsection, an inhalation rate of 14,016 m 3 /year was used instead of the default of 8,400 m 3 / year to reflect moderate activities by an individual either riding an ATV or involved in outdoor activities (U.S. Environmental Protection Agency, 1997b, table 5.23). The mass loading for inhalation was set to 0.0004 g/m 3 over the default 0.0001 g/ m 3 to reflect the increased dust present on unpaved roads while ATV's are in use (Yu and others, 1993, chap. 35) . The indoor time fraction was set to 0.0 instead of the default of 0.5, inplying that the individual spends their entire time on the site outdoors. The outdoor time fraction was set appropriate to the annual exposure duration that was being considered: 0.013 for 4.6 days per year, 0.019 for 7.0 days per year, and 0.038 for 14.0 days per year. Outdoor time fractions are expressed as fractions of a one year period. In the "Ingestion: Dietary" subsection, a soil ingestion rate of 73 g/year was used instead of the default of 36.5 g/year to represent an average rate for all human age groups (U.S. Environmental Protection Agency, 1997b, table 4.23).
The resulting soil screening levels for combined uranium and radium for a maximum radiation dosage of 15 mrem/year are 96 pCi/g radium for 4.6 days per year, 66 pCi/g radium for 7.0 days per year, and 33 pCi/g radium for 14.0 days per year. At radium-uranium secular equilibrium, three sites, FC-721, FC-819, and FC-836, exceeded the 4.6 days-peryear SSL for radium. Ten additional sites, , exceeded the 7.0 days-per-year SSL for a total of thirteen sites. Eighteen additional sites, , exceeded the 14.0 days-per-year SSL for a total of 31 sites. At a radium-uranium activity ratio of 0.57, one site, FC-721, exceeded the 4.6 days-per-year SSL for radium. Two additional sites, FC-819 and FC-836, exceeded the 7.0 days-per-year SSL for a total of three sites. Fourteen additional sites, , exceeded the 14.0 days-per-year SSL for a total of fifteen sites (table 8) .
Two assumptions were made when calculating the SSL values using RESRAD. One was that radium and uranium were at secular equilibrium, the other that the radium-uranium activity ratio was 0.57. When secular equilibrium was assumed, 31 sites exceeded a SSL and the majority, 16, were located in Red Canyon. At a radium-uranium activity ratio of 0.57, 17 sites exceeded a SSL and the majority, 12, were also located in Red Canyon. None of the sites located on Map 5 exceeded the calculated SSLs ( fig. 6 ).
Future Work
Many uranium waste dumps in Red, White, and Fry Canyons contain elevated concentrations of trace elements as indicated from results of leachate analyses. On the basis of factors that include elevated leachate concentrations, basin drainage area, slope, and soil screening level exceedance, the following sites should be investigated further to assess potential risks to human health and the surrounding ecosystem: 
